Myxococcus xanthus is a bacterium capable of complex social organization. Its characteristic social ("S")-motility mechanism is mediated by type IV pili (TFP), linear actuator appendages that propel the bacterium along a surface. TFP are known to bind to secreted exopolysaccharides (EPS), but it is unclear how M. xanthus manages to use the TFP-EPS technology common to many bacteria to achieve its unique coordinated multicellular movements. We examine M. xanthus S-motility, using high-resolution particle-tracking algorithms, and observe aperiodic stick-slip movements. We show that they are not due to chemotaxis, but are instead consistent with a constant TFP-generated force interacting with EPS, which functions both as a glue and as a lubricant. These movements are quantitatively homologous to the dynamics of earthquakes and other crackling noise systems. These systems exhibit critical behavior, which is characterized by a statistical hierarchy of discrete "avalanche" motions described by a power law distribution. The measured critical exponents from M. xanthus are consistent with mean field theoretical models and with other crackling noise systems, and the measured Lyapunov exponent suggests the existence of highly branched EPS. Such molecular architectures, which are common for efficient lubricants but rare in bacterial EPS, may be necessary for S-motility: We show that the TFP of leading "locomotive" cells initiate the collective motion of follower cells, indicating that lubricating EPS may alleviate the force generation requirements on the lead cell and thus make S-motility possible.
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biofilm | proteobacteria | sociomicrobiology | twitching | tribology T he soil bacterium myxococcus xanthus is an advanced Gramnegative bacterium that is capable of highly organized social behavior (1) . For example, M. xanthus can form predatory "wolf packs" to prey on other species, and under starvation conditions, they can self-organize into macroscopic fruiting bodies to ensure community survival (2) . This rudimentary social behavior (3) relies on the gliding ability to move in the direction of the cell's long axis on solid surfaces, which is regulated by the adventurous ("A")-and social ("S")-motility systems (4) . As two distinct motility systems, A-motility allows movement of individual and isolated cells, whereas S-motility controls the coordinated motility of large numbers of cells. S-motility in M. xanthus is mechanistically equivalent to the twitching motilities in Pseudomonas aeruginosa and Neisseria gonorrheae (5) , which are all driven by type IV pili (TFP) (6) . TFP are located at the two bacterial poles and propel the cell by cycles of extension, attachment, and retraction (7, 8) . Recently it has been shown that TFP are used to sense the exopolysaccharides (EPS) that are secreted by other cells onto the cell body or the surface (9, 10) , which enables M. xanthus to coordinate movement along EPS tracks. Although only one pole is piliated at a time, bacteria are known to reverse direction by disassembling the TFP apparatus on the pole and reassembling it at the other one (11) . This reversal behavior, which is driven by chemotaxis, allows cells to retrace their paths and form fruiting bodies (12, 13) , which incorporate significant concentrations of EPS within their structures (14, 15) . Although it is clear that this coupling between TFP and EPS is critical to the formation of structured fruiting bodies by M. xanthus, it is not known how M. xanthus TFP-EPS technology allows it to achieve its unique coordinated multicellular movements (15, 16) , given that TFP and EPS exist in a variety of bacterial species (17) that do not exhibit S-motility.
Because M. xanthus S-motility involves TFP pulling the bacterium along surfaces with heterogeneous coverages of EPS, friction is expected to play an important role. Recently, theoretical models for frictional motion on surfaces have been shown to be widely applicable to slowly sheared materials, ranging from the deformation of slowly sheared nanocrystals to the slip dynamics along geological faults via earthquakes (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) . These systems exhibit "stick-slip" movement with broadly distributed slip sizes. Theoretical "crackling noise" models show that the observed slip statistics can be used to obtain information about the system. In this work, we first compare the observed slip statistics to crackling noise model predictions and then find a description of the system that is consistent with them. We then use the slip statistics to extract information about the EPS and other properties of the system. S-motility of M. xanthus is known to be slow compared with the motility of other bacterial species and is usually studied using time-lapse microscopy. To get the required data for theoretical comparisons, we do the opposite and investigate the S-motility of M. xanthus on a surface at 250-ms resolution with particle-tracking algorithms (28) (29) (30) .
Results and Discussion
From a visual examination of motile M. xanthus bacteria undergoing TFP-dependent single-cell S-motility, which has been reviewed extensively (1, 6, 7, 9, 10, 13, 31, 32) , we see that their trajectories are not smooth, but are characterized by intermittent, aperiodic stick-slip motion; similar "burst" behavior has been observed in other biological systems (33, 34) . An example plot of the bacterial displacement is composed of distinct "slips", where the bacterium moves rapidly, separated by plateaus where the bacterium "sticks" to the surface and appears stationary ( Fig. 1 A  and B) . In a sequence of images evenly spaced in time, the motion appears uneven (Fig. S1 ). Unlike P. aeruginosa, which exhibits different dynamics at the leading and the lagging pole (30), moving M. xanthus bacteria show little asymmetry between their leading and lagging poles, and so we analyze the trajectory of the bacterial midpoint. In a single slip, the bacterium can move up to several microns; short slips of just above the detection limit (∼0.1 μm) are also observed. The observed duration of individual slips varies from ∼0.01 s to several seconds. Interestingly, the motion is not unidirectional; after a slip, a bacterium may move backward (seen most clearly in Fig. 1 B and D) , indicating that there is viscoelastic relaxation in the system. The stick-slip motion found in the wild-type (WT) DK1622 (6) is also observed in the DK3088 (stk) strain that overproduces EPS (35) , even though the magnitude of motions is much smaller in the latter case ( Fig. 1 C and D) . However, stick-slip motion is suppressed in the SW810 (ΔepsA) strain ( Fig. 1 E and F) , which underproduces EPS (9). This strain is still able to move and be stationary on the surface, but does not produce a distinct separation between plateaus and slips. We find that the slips in the WT and stk strains are analogous to the avalanches observed in other crackling noise systems (24) . As the TFP exert a force on the bacterium, the trajectory is broken into distinct slips by the friction-like interaction between the cell surface and the substrate, mediated by an EPS layer.
To quantitatively compare the crackling noise model to the M. xanthus system, we algorithmically separate the trajectories into distinct plateaus and slips and examine the distributions of displacements and durations of these slips, as well as the velocities during a slip. The slips are analogous to crackling noise "avalanches". Many experimental crackling noise systems, especially small systems that exhibit avalanche behavior, exhibit only 1-1.5 decades of power law scaling due to their finite size (36) (37) (38) . Moreover, we expect any manifestation of crackling noise power laws to be strongly modified by the inherent complexity of a biological system, such as the influence of signaling, or possible variable output of the TFP molecular motor. Surprisingly, power law scaling survives in the M. xanthus system and is observed in the slip duration ( Fig. 2A ) and slip displacement (Fig. 2B ) distributions. However, the apparent slip duration power law breaks down above a cutoff value. Likewise, the power spectrum of the velocity (Fig. 2C ) also breaks down above a cutoff frequency. As a useful consistency check, it is interesting to note that these cutoff values correspond closely to typical TFP pull durations (∼4 s) and TFP lengths (∼5 μm) (6, 8) .
Given that the number of decades of observable power law behavior is necessarily small, we subject the measured slip distributions to a series of quantitative tests, based on comparisons to a mean field theory of friction. Qualitatively, the contact area between a bacterium and the substrate is modeled as an array of patches, each of which has an individual random slip threshold, taken from a distribution of such thresholds. It can be formally shown that the exact shape and width of the random distribution are not important for the slip statistics on long length scales (22, 24, 39) . As the pili retract, the force on each of these patches increases until eventually a weak patch on the contact surface slips. Elastic interactions between the patches on the surface then lead to an increase in the force on the other patches, which can be so large that it causes other patches to slip as well. By the same mechanism, these patches trigger additional slips, resulting in a slip avalanche, which we observe as a single slip of the whole system. This simple model can be solved analytically in mean field theory, using the approximation that every patch interacts equally strongly with every other patch in the system. Mean field theories have been shown to correctly predict the correct avalanche size distributions, duration distributions, and exponent relations for slip statistics on surfaces coupled by full 3D elasticity, as well as the power spectra of the velocity time trace and average temporal avalanche profile, as a function of parameters such as forcing rate and substrate properties (22, 39) . The model predicts values of the exponents for the displacement, duration, and power spectrum of velocity and a quantitative relation between these exponents (Table 1 ), which can be tested against experimental results.
The measured power law exponents for displacement, duration, and power spectrum of velocity compare well with theoretical crackling noise predictions from mean field models, such as those used to describe friction between two sheared surfaces, and the exponents observed for other crackling noise systems (23, 24, (40) (41) (42) (43) (44) (Table 1) . We observe slip displacement distribution exponents between 1.9 and 2.2, within the 1.3-2.5 range previously observed for earthquakes and similar to the mean field predictions of 3/2 [or 2, depending on the details of the model (18)]. The slip duration distribution exponent is 2.2-2.6, at a small scale, the trajectory can be broken down into distinct plateaus (blue) and slips (red). These are small compared with the bacterial size. A small backward motion can be discerned at the transition from a slip to a plateau (blue to red) in some of the slips (Methods). (C) The stk mutant that overproduces EPS moves at a lower average velocity. A small section is expanded in D; it displays distinct plateaus and slips. (E and F) The trajectory of the ΔepsA mutant (E) that underproduces EPS (F) has a different appearance on a small scale, with distinct plateaus and slips appearing less frequently. similar to the mean field prediction of 2. The decay exponent of the power spectrum of the velocity is 1.5-1.8, again similar to the mean field prediction of 2 (24) . These measurements provide an excellent test of current theoretical descriptions for crackling noise and allow a variety of exponents to be calculated.
Importantly, the observed general scaling relation between exponents (Table 1) demonstrates self-consistency between the measured quantities. The agreement of multiple observed exponents with the crackling noise model and their internal consistency provides strong support for treating the data as a crackling noise system over the observed range and validates the treatment of the trajectory as a sequence of plateaus and slips. The broad agreement between our experiments and the crackling noise model suggests that M. xanthus motions are derived from a constant TFP-generated force acting against friction. The agreement also implies that the frictional interaction in M. xanthus must take place over the two-dimensional interface between the bacterium and the surface and not just at the leading or lagging pole as in the case of P. aeruginosa (30) .
To elucidate the source of the crackling noise behavior, we compare the power law exponents observed for WT M. xanthus with the exponents observed for several mutant strains ( Table 2 ). The mutant strains SW2070 (ΔfrzD) and SW2071 (ΔfrzE), which have previously observed defects in chemotaxis-driven reversal behavior (13, 45) , have exponents quite similar to those of the WT; moreover, their exponents are the same despite the mutations having opposite effects on reversal behavior, with the ΔfrzD strain being a hyperreverser that changes direction every 2.2 min and the ΔfrzE strain being reversal deficient and reversing once every 2 h (13). This indicates that the power law exponents do not depend on the chemotactic behavior of M. xanthus and are not influenced by changes on the bacterial reversal timescale of minutes.
To test whether EPS was implicated in the observed exponents, we examined the ΔepsA strain, which is defective in EPS production (9) , and the stk strain, which overproduces EPS (35) . The EPS overproducer has a lower average velocity than the WT, and individual slips are shorter (Fig. 1 A-D) . However, it exhibits very similar crackling noise exponents to the WT, indicating that the frictional interaction is preserved. In contrast, the observed exponent signature of plateaus and slips is suppressed for the EPS underproducer, although its average velocity is similar to the WT. Its stops and starts do not exhibit the characteristic crackling noise exponents observed in the other strains (Table 2) . Thus, the crackling noise power laws result from the interaction between the bacterial body and the EPS-covered surface as the bacterium is pulled along by its TFP. This is consistent with crackling noise models in general, in which stick-slip movements are generated by the competition between long-range elastic interactions on the surface, which favors long slips, and heterogeneity in surface contacts, which favors short slips.
Interestingly, we find that the EPS secreted by M. xanthus acts as much like a lubricant as it does like a glue; TFP-driven M. xanthus movement on EPS-covered glass involves the shearing of two smooth surfaces separated by a lubricant, differing from other crackling noise systems like earthquakes. Previously, thin lubricant films of branched hydrocarbons sheared between smooth surfaces have been shown to exhibit chaotic stick-slip behavior, as well as smooth sliding and periodic stick-slip regimes (46) . Experiments with hydrocarbon lubricants of linear architecture or those with no lubricants (dry friction) exhibit only periodic stickslip and smooth sliding. The chaotic stick-slip regime is characterized by irregular, aperiodic velocity oscillations and has been associated with the presence of large, multimolecular domains in an architecturally complex lubricant having a broad band of relaxation times. The TFP-driven stick-slip motions that we observe in M. xanthus span ∼1.5 orders of magnitude in dynamic range before being interrupted by the motility cycle. To determine whether the system exhibits chaotic behavior, we calculate a Lyapunov exponent from these bacterial trajectories (47) . We find that the maximal Lyapunov exponent is ∼2.2, indicating that the behavior is indeed chaotic because the exponent is positive and greater than 1 (Fig. 2D) . The presence of this chaotic regime suggests that M. xanthus EPS behaves like highly branched molecules, similar to the branched hydrocarbon lubricants that exhibit chaotic stick-slip behavior between smooth surfaces; simpler lubricants do not exhibit this regime. Highly branched molecules are known to be the best low-friction lubricant fluids (48), and it is believed that the reason for this is their inability to pack efficiently at a molecular scale, which gives them a tendency to remain liquid-like instead of "freezing" into solid-like ordered arrangements when confined between two shearing microscopically smooth surfaces (49) (50) (51) . However, although characterization of bacterial EPS distributions is complex, it is known that highly branched EPS is rare in bacteria (52) .
To support these dynamical measurements, we perform a glycosyl composition analysis of purified M. xanthus EPS. As shown in Table S1 , the four primary sugars found in the sample were glucose (34.1%), rhamnose (21.9%), mannose (16.0%), and N-acetyl glucosamine (12.0%). Additionally, arabinose, xylose, galactose, and N-acetyl mannosamine were identified but in amounts less than 10%. The analysis also reveals a complex molecule containing a variety of linkages and indicating that the polysaccharide has a number of branches (Table S2 ). These data suggest that the M. xanthus EPS is a carbohydrate with at least three different types of branches and four different terminating The EPS overproducer (stk) and the chemotaxis mutants (ΔfrzD, ΔfrzE) all have power law exponents similar to that of the WT. All three indicator exponents for the EPS-deficient strain (ΔepsA) are significantly different from the values for the EPS-competent strains, indicating that the presence of EPS produced by M. xanthus is critical for the crackling noise scaling, whereas chemotaxis is not.
residues. This is consistent with our dynamical findings that also suggested a complex, branched structure for M. xanthus EPS.
The M. xanthus system exhibits several interesting deviations from theoretical crackling noise predictions. A plot of the slip duration against the slip displacement (Fig. 3A) has a slope which is near 1, significantly different from the theoretical value of 2 (53) . Additionally, the characteristic velocity profiles for the wide range of observed slips deserve comment. Mean field theory predicts that this velocity profile should be scale invariant and therefore maintain the same shape for all slips. We calculate this profile by rescaling all slips and calculating the average velocity at different time points along the slip and find a subtle difference from the expected behavior. We find instead two characteristic shapes for the large number of slips observed, one for short and one for long slips (Fig. 3B) (24, 37, 38, 54, 55 ). Slips that are short (<1 s) exhibit a slightly asymmetric shape; although the mean field model predicts a symmetric shape, similar asymmetric avalanche shapes have also been observed in other crackling noise systems (53, 56) . However, long slips (>1 s) have a significantly more uniform velocity profile (37) . Both of these deviations can be caused either by short slips overlapping in time and merging into long slips, such as due to excessive force generation, or by the slips reaching a peak velocity. We distinguish between these explanations by examining a histogram of the velocities over individual slips (Fig. 3C ), which has a distinct peak and does not exhibit power law scaling as predicted by mean field theories, even in the high-velocity tail of the histogram, despite the power law scaling of the displacement and duration individually. The average slip velocity is 0.4 μm/s; this is similar to the retraction velocity of individual M. xanthus TFP, which has been measured as 0.7 μm/s when exerting a force of 60 pN and as 0.2 μm/s when exerting a force of 150 pN (8) . We hypothesize that the peak velocity over an individual slip may be limited by the retraction velocity of the TFP motor in M. xanthus, where it exerts a force of 60-150 pN. That slips exhibit self-similar behavior in their velocity profiles, however, is a striking and stringent indication of crackling noise behavior.
The social behavior of M. xanthus can be examined in the context of this observed stick-slip motion, which is exquisitely sensitive to coordination between cells. We imaged bacteria at cell densities where a range of surface-to-surface distances between bacteria are observed, from cell-cell contact to distances comparable to the bacterial length. We located paired bacteria by visually finding cells that maintained a low end-to-end separation (<4 μm) while moving over a long distance (>25 μm). Pairs of bacteria are able to attach end-to-end and move together, with an interbacterial separation of less than 0.2 μm (Fig.  4A ). In contrast with this strong coupling, we also observed pairs of bacteria moving along similar trajectories, with interbacterial surface-to-surface separations of 1-4 μm (Fig. 4B) . To quantify the spatiotemporal signatures of how pairs of bacteria follow one another during the initiation of social interactions, we calculate the frequency-dependent velocity-velocity correlation between the motions of two paired bacteria. Bacterial motion was first projected onto a straight line. For each frequency bin, we apply a bandpass filter to remove the contributions from all other frequencies; then, the correlation between the velocities of the two bacteria could be calculated directly for each frequency bin
, where v 1 and v 2 are the frequencyfiltered velocity sequences. For bacteria that are in end-to-end contact, there is strong correlation at low frequencies (<1 Hz) that progressively decays at higher frequencies (Fig. 4C) . It is interesting to note that for bacteria that are within ∼4 μm, velocity correlations qualitatively similar to those in the case of end-to-end contact are observed, although they are significantly weaker (Fig. 4D) . We hypothesize that some of the interactions that act at cell-cell contact already exist at such distances. A fraction of these cell pairs move beyond this initial exploratory engagement and eventually transition to cell-cell contact, so that M. xanthus social interactions occur in a series of "handshaking" steps that involve different mechanical coupling at different distances, progressing from cells that simply follow the same EPS-directed path to those that progressively link and eventually "dock".
There has been significant effort aimed at understanding whether the two coupled cells contribute equally to motility and how the dynamics of the coupled cells are coordinated (32) . The stick-slip behavior allows us to access this directly. We calculate the correlation between slip times of the leading and lagging bacterium as cðb 1 ; b 2 Þ, where b 1 and b 2 are sequences that are equal to 1 when the bacterium is in a slip and 0 otherwise. We extend this to a time-dependent correlation by shifting b 1 in time (Fig. 4E) . For bacteria in end-to-end contact, this correlation reaches a peak of 0.4; for unattached bacteria, this stays less than 0.1. Importantly, we find that the correlation peak is not centered at zero, but at a lag time of ∼50 ms. By a Granger causality 
.) (C) Bacteria can also follow each other at small distances. (Scale bar, 5 μm.) (D) However, in this case, their velocities have significantly lower correlation. (E) For attached bacteria, there is a strong correlation in slip times (blue); unattached bacteria show no such correlation in slip times (red). The peak correlation for attached bacteria is at a delay of 50 ms (Upper Inset), indicating that, on average, the leading bacterium has its slips 0.05 s before the lagging bacterium.
analysis (57), we confirm that for bacteria in end-to-end contact, the motion of the leading cell Granger causes the motion of the lagging cell (P = 0.00003, the P value of the statistical test); for unattached bacteria, Granger causality is not detectable (P = 0.47). These observations show unambiguously that not only do the coupled bacteria move with coordinated slips, but also there is a "locomotive" cell that leads a trailing cell, with the lead cell initiating the motion. This is direct evidence indicating that the TFP of the lead cell pull both cells and determine the trajectory of the pair. The force generation requirements on the locomotive cell become increasingly stringent for the multiply entrained cells observed in late-stage M. xanthus S-motility. This suggests that our observation of lubricating behavior in M. xanthus EPS is an enabling factor in S-motility. That some M. xanthus EPS can have a lubricating function explains the puzzling observation that more EPS often lead to more motility, rather than less motility, as would be the case if EPS were to function only as a "glue". For example, the highly motile cells that actively drive fruiting body formation move in the presence of high concentrations of EPS (15, 16) . M. xanthus alone among bacteria is capable of S-motility. This observation is consistent with the empirical fact that highly branched EPS is rare for bacteria and indicates that small changes in TFP-EPS technology can lead to qualitative differences in bacterial social organization. By examining the dynamics of M. xanthus cells at fast timescales, we are able to observe the aperiodic stick-slip movements that are caused by the TFP-generated force acting against EPSderived friction. At timescales shorter than the motility cycle (the time required for typical TFP pulls), the movements of M. xanthus cells are consistent with a crackling noise model, which has been previously applied to the dynamics of earthquakes (23) and a variety of other nonbiological systems (24, 25) . We measure critical exponents for the M. xanthus system and find that they are consistent with mean field theoretical models of crackling noise and with other crackling noise systems (26, 27) ; additionally, by examining the ΔfrzD and ΔfrzE mutants, which have defects in reversal behavior, we confirm that the sticks and slips are unaffected by the chemotactic decisions of the bacterium. Interestingly, although EPS is usually thought of as a molecular glue, we find that EPS of M. xanthus can both promote surface adhesion and also function as a lubricant. To analyze the lubricating properties of EPS we estimate the degree of chaos in the system by calculating a Lyapunov exponent and find that it suggests the existence of highly branched EPS, similar to artificial lubricants but different from the EPS of most other bacteria. We hypothesize that this is necessary for S-motility: We show that the TFP of leading locomotive cells initiate the collective motion of follower cells, whose motions lag behind those of the lead cell by ∼50 ms. The unique lubricating properties of M. xanthus EPS may alleviate the force generation requirements on the lead cell and thus make coordinated social motility possible.
Methods
Cell Tracking. M. xanthus cells were transferred onto a glass slide, overlaid with Mops buffer containing 1% methylcellulose, and recorded at 30°C (7); these conditions suppress adventurous motility and promote TFP-driven Smotility even in isolated cells and not just aggregates. The cells were given 30-60 min to attach to the surface and initiate S-motility. Thirty-second recordings with a wide field of view (>100 visible bacteria) were taken to identify cells that were motile and not stationary; then, longer movies (2-10 min) of individual motile cells were recorded. Movies were acquired at 400 frames per second, using a Phantom V12.1 camera (Vision Research) on an Olympus microscope with a 60× objective, resulting in images with a resolution of 0.2 μm per pixel. Each image was smoothed by applying a spatial bandpass filter with background subtraction, reducing the bacteria to bright objects on a black background; then a brightness threshold criterion was used to identify them. The centroid position and orientation of each bacterium were calculated from the moments of the backbone distribution (28, 29, 58) , and tracking was done using a minimum squared-displacement criterion (59) . As M. xanthus moves and changes direction slowly, the leading and lagging poles of the bacterium exhibited the same dynamics as the centroid; the position of the centroid was used as the bacterial position for subsequent analysis.
The noise level of the system was determined by examining an immobile bacterium; position measurements of an immobile bacterium varied by ∼0.2 μm, the width of one pixel. Averaging the position over multiple frames (boxcar smoothing) was used to improve spatial accuracy, at the cost of giving up fast-timescale information. To eliminate high-frequency noise in the velocity and position measurements, the trajectory was first smoothed with a boxcar average of width 0.05 s. At each point in the trajectory, the velocity was calculated as v = xðt − ΔtÞ − xðt + ΔtÞ 2Δt
, using Δt = 0.05 s. Slips were identified by their peak velocity; sections of the trajectory where the smoothed velocity remained below the noise threshold (0.1 μm/s) were labeled as plateaus, whereas sections of the trajectory where the velocity remained higher than the noise threshold were labeled as slips. To calculate the power spectrum of the velocity, segments of the trajectory identified as plateaus were excised; the magnitude of the velocity was calculated at each remaining trajectory point, using the unsmoothed data and a Δt of 0.0025 s. The fast Fourier transform of this signal was squared to give the power spectrum and then binned logarithmically, and the slope was calculated using a least-squares fit.
For each slip, we calculated the displacement as Δx = x f − x i , where x i and x f are the positions before and after the slip, respectively; likewise, we calculated the duration as Δt = t f − t i , where t i and t f are the start and end times of the slip. The distributions of slip displacements and durations were binned logarithmically for plotting. The power law exponents for these quantities were calculated directly without
, where the x i are the data points within the power law region (60) .
The above calculations were repeated with different parameters to ensure that observed trends were due to physical effects and not analysis artifacts; changing the smoothing widths to Δt = 0.1 s or Δt = 0.2 s as well as velocity thresholds to 0.075 μm/s or 0.125 μm/s affected the calculated exponents by 0.1 or less and did not disrupt the power law scaling.
It is worthwhile to point out that a "backward" movement can be discerned after some of the slips. We hypothesize that these movements indicate the existence of a finite a relaxation time in the EPS on the surface and suggest that we may be able to extract more information on the polymeric nature of EPS by using secretion mutants. For the purposes of the present work, we repeated the slip distribution analysis with the postslip backward motion counted as part of the slip and alternately as part of the plateau. We found that the resultant effects on the slip duration and displacement distributions are not large enough to affect the measured exponents.
We calculate the Lyapunov exponent from the sequences of bacterial velocities as follows (47) . The program keeps track of an initial point p(i), which is initialized to be the first point on the first bacterial trajectory. Then, the program finds a second point p(j), which may be on the trajectory of a different bacterium, with a similar velocity, differing from the velocity at p (i) by 0.05 μm/s; it looks ahead by Δt = 0.25 s, comparing the magnitude of the final velocity difference between the two trajectories Δv f to the initial velocity difference Δv i and updating the running average of λ = Δt . The next p(i) is selected to be similar, in velocity and direction, to p(i + Δt), but differing by at least 0.05 μm/s, and the procedure is repeated. This converges to the maximal Lyapunov exponent of the system. M. xanthus EPS Purification and Analysis. Wild-type M. xanthus (DK1622) EPS was isolated and purified following a protocol modified from two different sources (61, 62) . After overnight incubation to log phase in casitone yeast extract (CYE) liquid medium (63) the bacteria were spread onto five large CYE plates (∼1:25 × 10 8 cells per plate) and allowed to grow for 3 d at 32°C. The cells were then scraped off the plates into 0.9% NaCl solution (∼10 mL per plate). Phenol was added to a final concentration of 5% (vol/vol) and stirred for 5 h at 4°C. The cells and debris were removed by centrifugation and the EPS was then precipitated from the supernatant with 4 vol of isopropanol. After centrifugation, the pellet was redissolved in water. The precipitation and resuspension were repeated three times. The resulting product was dialyzed first against 0.1 M NaCl and then against water. The EPS solution was lyophilized.
Glycosyl analysis of lyophilized EPS was performed by combined gas chromatography/mass spectrometry (GC/MS) of the per-O-trimethylsilyl (TMS) derivatives of the monosaccharide methyl glycosides produced from the sample by acidic methanolysis (64) . For determination of glycosyl linkages, the sample was permethylated, depolymerized, reduced, and acetylated; and the resultant partially methylated alditol acetates (PMAAs) were analyzed by GC/MS.
